Electrically assisted self-confinement and waveguiding in planar nematic liquid crystal cells
Homeotropic liquid crystal ͑HLC͒ cells 1 are widely used in transmissive and reflective displays due to its excellent optical properties such as high contrast ratio.
2, 3 Recently, our group 4 has demonstrated a chiral doped HLC device which can be switched into two different configuration states by controlling the switching process. However, the detailed dynamical mechanism of this device has not been well understood. In order to expand the application of this device, further studies on the configuration and dynamical transition of these states are necessary. For convenience, because the boundary directors are not precisely normal to the substrates, we named the devices bistable chiral quasihomeotropic ͑BCQH͒ devices.
In this letter, we studied the dynamical behavior of directors in the BCQH cell experimentally and numerically. The switching bistability of this cell was demonstrated. The initial quasihomeotropic state could be switched into two different static states by controlling the switching process. In addition, we also observed the appearance of another static state from the nucleation of a defect while we held the applied voltage about few minutes later. Furthermore, we studied the dynamical mechanism of our BCQH cell based on the Ericksen-Leslie theory by using a numerical method. We found that the switching bistability of this cell is realized by the fluid flow effect of directors together with the asymmetrical polar-alignment condition, which was usually ignored for a quasihomeotropic cell. Our simulation also indicated that the two static states are all twisted states whose effective helical axis tilted downward to different directions.
To study the dynamical mechanism of the BCQH cell, we made several samples to observe its transient behavior. The substrates were coated with a JALS-2021͑JSR Co.͒ alignment layer, and the rubbing direction (x-axis͒ of top and bottom substrates was antiparallel. The liquid crystal material was ZLI-2806 ͑Merck Co.͒ and the cell gap was 5.88 m. We added about 1 wt % of S811͑Merck Co.͒ as chiral dopants to obtain a suitable helix pitch length. The light source was a 632.8-nm He-Ne laser, and the optical properties were measured under a cross-polarizer condition. The angle between the front polarizer and the rubbing axis was 45°, and the transient transmittance was detected by a photodiode and recorded by an oscilloscope. Figure 1 shows the measured transient transmittance of the BCQH cell with two different driving wave forms whose amplitudes are both 14 V. According to the final transmittance, it is obvious that this cell can be switched from the quasihomeotropic state into two different static director states by controlling the switching process. In Fig. 1͑a͒ , wave form A has a gradual slew rate (dV/dtϭ70 V/s) and produces weak fluid flow. This weak flow effect drives the cell into the high-transmittance state. However, wave form B of Fig. 1͑b͒ , with a rapidly rising voltage, results in the strong flow effect of the directors and switches the cell into the low-transmittance state. This behavior occurs as long as the slew rate (dV/dt) is larger than 2.8 V/ms. Consequently, it can be found that the flow effect is the most important factor on the switching bistability in this cell. Besides, if we turn off the voltage 1 s after turn-on, both states will relax back to the quasihomeotropic state smoothly and continuously. However, it is worth noting that, if we hold the bias voltage for about 30 min, both states will transfer into ana͒ Electronic mail: cjhsieh.eo88g@nctu.edu.tw APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 6 other state by the nucleation of a defect and the subsequent motion of a disclination line. Once we turn off the applied voltage, the new state does not relax back to the initial quasihomeotropic state immediately, and the transition to the initial quasihomeotropic state is also caused by the same process as that of the appearance of this state. We believe the new state is a twisted 180°state. However, the mechanism of the state-transition process is not well understood. By comparing the final transmittance of experimental and numerical results, we obtained the director configurations for these states; details of the simulation will be described later. The calculated static director profiles projected on the xy plane were plotted in the insets of Fig. 1 . For easier imagining, one can regard these configurations as a conic helical structure with the effective helical axis of directors tilted downward toward the substrate, not normal to the substrate. Around the effective helical axis L the directors rotate a full turn from the bottom substrate to the top one. Therefore, the effective chiral property of LCs is consistent to the boundary condition of substrates. In the high-transmittance state, because the direction of the projection of L on the x-axis is the same with that of the boundary directors, we name this state the normal twisted state, denoted by S nt. . However, in the low-transmittance state, the direction of the projection of L on the x-axis is inverse to the easy direction on the substrate, we name this state the inverse twisted state, denoted by S it . The transmittance of both S nt and S it states can be understood by the transmittance equation, T ϭ0.5 sin 2 2 sin 2 (␦/2), for an uniaxial phase retarder between crossed polarizers, where is the azimuthal angle between its optical axis and front polarizer, and ␦ is the phase retardation. When the phase retardation ␦ is fixed, the amplitude T is proportional to sin 2 2 and the maximum T happens at ϭ45°or 135°due to sin 2 2ϭ1. Therefore, the director configurations in the states S nt and S it can be regarded as the combination of a stack of subretarders with fixed ␦ and different . Since the directors in the state S nt are concentrated toward to the xz plane and the most azimuthal angles are close to 45°, the state S nt has high transmittance. However, in the state S it , there are only a few directors whose close to 45°or 135°, and thus leading to low transmittance.
To analyze the dynamical switching mechanism of BCQH cells, we solved the hydrodynamic equations of LC from the Ericksen-Leslie theory 5-8 by using relaxation method and neglected the inertial term of directors. We assumed the surface as having rigid anchoring and neglected the surface divergence term for K 13 and K 24 . After calculating the transient director configuration, the transient transmittance was obtained by using Jones' matrix method. Table  I shows the parameters used in our simulation for the cell with symmetric boundary conditions.
The calculated transient transmittances of our BCQH cell with different boundary conditions for driving wave forms A and B are shown in Fig. 2. Figure 2͑a͒ indicates the results with wave form A, which can only induce a weak flow, for the symmetric and asymmetric polar-alignment cells. The top and bottom pretilt angles of the symmetric cell are both 85°, but the bottom one in the asymmetric cell is 84°. It is obvious that, as depicted in Fig. 2͑a͒ , the weak flow effect results in the symmetric and asymmetric cells driven into the S nt state. Nevertheless, the asymmetric boundary condition will increase the final transmittance a little for the asymmetric cell. On the other hand, wave form B can induce a strong flow, as shown in Fig. 2͑b͒ , such that the asymmetric cell can be switched into the S it , and the calculated transmittance curve agrees with the measured results qualitatively. However, the symmetric cell cannot be switched into the S it state and its final transmittance corresponding to the static state S nt . Therefore, the switching bistability cannot be achieved for the symmetric cell by controlling the flow effect of directors. This result indicates that there is an extra key factor, the asymmetric polar-alignment condition, for the switching bistability of our BCQH cell, except the flow effect. In our experiment, because it is very difficult to avoid the deviation between the top and bottom tilt angles the switching bistability cell can be observed.
The physical pictures of the switching dynamics for the symmetric and asymmetric cells with strong flow effect, as shown in Figs. 3 and 4, are described in the following. In the quasihomeotropic cell, the flow effect is induced by the external electric torque and depends on the initial director configuration. 9, 10 The simulated velocity profiles at 0.5 ms after turn-on of the applied voltage for the symmetric cell are plotted in Fig. 3 . The initial polar angle , that is, /2 minus the tilt angle, of directors for the symmetric cell are the same to minimize the free energy. When the electric field is applied, the initial electric torque elec ϭ0.5⌬⑀E z 2 sin 2, where E z is the z-component of electric field, is the same for all directors owing to the same polar angle. Nevertheless, due to the rigid surface anchoring, the rotation of the directors results in an elastic deformation. The largest deformation occurs near the surfaces, and the smallest one is at the midplane because of the symmetric boundary condition. This deformation produces an elastic restoring torque to suppress the rotation of directors by the electric torque. Therefore, the middirector has the fastest rotation because of the smallest restoring elastic torque, but the directors near the surface have the slowest rotation. This nonuniform rotation acts on the fluid element with different stress forces through viscous interaction and the net force causes a translational motion of the fluid elements. Meanwhile, the gradient of the flow velocity imposes a viscous torque on the director, where
as a result of n z ӷn x ,n y and ͉␣ 2 ͉ӷ͉␣ 3 ͉, v x,z and v y,z are the gradient of velocity, (n x ,n y ,n z ) are the components of director n. Near the surface, at points 2 and 8 in Fig. 3͑a͒ , the viscous torque y is negative, and that makes the director rotate in a direction opposed to the original one due to the elastic torque. This phenomenon is usually called the kickback effect. However, on the central part of the cell, the viscous torque y is positive and speeds up the rotation of directors to tilt downward to the positive x-axis. At the same time, because the velocity gradient v y,z of the mid-director is zero, as illustrated in Fig. 3͑b͒ , the viscous torque x has no influence on it; but near the top and bottom substrates, since the viscous torque x has the inverse direction, it rotates the director near the surface out of the xz plane, causing a large elastic deformation. This large deformation introduces a restoring elastic torque, which pulls the director backward to the xz plane. Finally, the director profile reaches its static state S nt , as shown in Fig. 3͑c͒ . Figure 4 shows the simulated results of the asymmetric cell with a small polar angle at the top substrate that is less than the bottom one. The difference of polar angles causes a very small bend and twist distortion such that the initial director profile can be regarded as a helical structure with a very small conical angle. At the presence of the external field, the directors at the bottom boundary with the largest polar angle experience the biggest electric torque. In other words, the initial electric torque is asymmetric. It has to be emphasized that this cell is very different to the situation of the symmetric cell whose initial electric torque is symmetric. The asymmetric torque results in the peculiar director and velocity profiles. The simulated velocity distribution at 0.5 ms is illustrated in Fig. 4 . As shown in Fig. 4͑a͒ , the velocity extreme of v x happens near the midplane, and the viscous torque y is negative on its upper side, but positive on the other side. Meanwhile, in Fig. 4͑b͒ , the x is positive in the middle part of the cell, but negative in the region near two substrates. The resultant torque of x and y drives the directors in the bottom-and top-half parts into the first and second quadrants, respectively, and the mid-director into the fourth quadrant ͓see the 0.7-ms and 1.0-ms curves in Fig. 4͑c͔͒ to form a large heart-shaped loop. When the flow velocity of the fluid elements becomes small via viscous interaction, the director profile gradually swings clockwise into the state S it by the twisted restoring elastic torque. Therefore, we concluded that the asymmetric polar-alignment condition is another important factor, in addition to the flow effect, for the switching bistability in our BCQH cell.
In summary, the switching bistability of the BCQH cell has been studied experimentally and numerically. From our numerical results, the realization of the switching bistability of our BCQH cell is achieved by the flow effect of directors together with the asymmetric polar-alignment condition. The two static states are all twisted states whose effective helical axis tilted downward in two different directions. Furthermore, we also observed the appearance of another state by nucleation of a defect. However, the detailed mechanism of the state transition is not understood and needs further investigation. 
